mRNA; RNA retaining the protein would be encapsidated into mature virions (7, 13) .
In this paper we report the isolation and fractionation of nascent chains from RI RNA and show that the protein is found on newly synthesized chains as short as about 500 nucleotides. In addition, the protein was recovered in covalent linkage to the 5' end of the polyuridylic acid [poly(U)] tract isolated from the negative strands of both RI RNA and double-stranded RNA, a finding also recently reported by Nomoto et al. (12) . These results are consistent with the idea that the protein serves as a primer for synthesis of both the plus and the minus strands of poliovirus RNA.
MATERIALS AND METHODS
Preparation of poliovirus RNA. Poliovirus-specific RNA labeled with carrier-free 3P (New England Nuclear Corp.) was prepared by infecting actinomycin D-treated HeLa cells with poliovirus type 1 (3, 8) .
Preparations of 3P-labeled virion RNA, RI RNA, and double-stranded RNA were as described previously (16) .
Fractionation of nascent chains from RI RNA. RI RNA, which had been recovered from the excluded volume of a Sepharose 2B column, was precipitated with 2.5 volumes of ethanol at -20°C in the presence of 0.3 M sodium acetate. The precipitate was collected by centrifugation and dissolved in distilled water treated with 0.01% diethylpyrocarbonate, and sodium dodecyl sulfate was added to 0.5%. In some experiments unlabeled virion 35S RNA (final concentration, 50 to 100 ,g/ml) was included. The RNA was then heated at 75°C for 5 min (1) and quickly cooled on ice, and glycerol was added to a final concentration of 8%. The sample, usually 0.5 to 1.0 ml, was layered on a Sepharose 2B column (1.6 by 54 cm) (1) , and the RNA was eluted with a solution containing 0.1 M NaCl, 0.05 M Tris-hydrochloride (pH 7.5), 0.001 M EDTA, and 0.5% sodium dodecyl sulfate. Fractions (1 ml) were collected and assayed for Cerenkov radiation. The RNA in the fractions to be analyzed was precipitated with ethanol and stored at -20°C. Size calibration of the column was done by chromatographing 32P-labeled Uukuniemi virus RNA segments under identical conditions. The three RNA segments have apparent molecular weights of 2.4 x 106 (L RNA), 1 .1 x 106 (M RNA), and 0.5 x 106 (S RNA) (14) . A linear relationship was observed between the logarithm of the molecular weights and the corresponding elution position.
Fingerprint analysis of RNA. Labeled virion RNA and different size classes of molecules released from the RI RNA were digested with RNase Ti and analyzed on two-dimensional polyacrylamide gels, as described previously (6, 14) . The radioactive spots were visualized by autoradiography, using Kodak XR-5 film. The unique oligonucleotides derived from virion RNA were numbered according to Lee and Wimmer (11) . Quantitation of individual spots was done by cutting out gel slices and counting Cerenkov radiation.
Isolation of poly(U) from RI and doublestranded RNAs. Purified labeled RI RNA or doublestranded RNA, which were excluded from Sepharose 2B, were precipitated with ethanol and dried in vacuo. The RNA was suspended in 100 [L of distilled water containing 5 l.g of unlabeled poly(U) (Miles Laboratories, Inc.). The RNA was then denatured for 1.5 min at room temperature by the addition of 100Mul of 0.2 N NaOH (17) . The solution was neutralized by the addition of 3.5 ml of a buffer containing 0.25 M Tris, pH 7.5, and 30 mM sodium acetate. RNase Ti was added to a final concentration of 40 U/ml, and the sample was incubated for 60 min at 37°C. After digestion, the solution was adjusted to 0.3 M NaCl and 0.5% sodium dodecyl sulfate. Poly(U)-containing sequences were then isolated by chromatography on polyadenylic acid [poly(A)]-agarose [AGPOLY(A), type 6; P-L Biochemicals]. The RNase digest was passed through the column twice, and the column was washed extensively with high-salt buffer (0.3 NaCl-10 mM Tris, pH 7.5-0.5% sodium dodecyl sulfate). The column was then heated to 65°C and washed with high-salt buffer preheated to 65°C. This step usually released some radioactivity relatively rich in Ap. The poly(U)-containing sequences were eluted at 65°C with 90% formamide (deionized by stirring in a mixed-bed resin)
containing 25 Mug of cold poly(U) per ml, 10 mM Tris (pH 7.5), and 1 mM EDTA. The eluted material was pooled and precipitated with ethanol. The precipitate was taken up in 20 mM Tris, pH 7.5-2 mM EDTA, denatured by boiling for 2 min, and quickly cooled on ice. Digestion with RNase Ti (40 U/ml) and chromatography on poly(A)-agarose were repeated as described above, and the final poly(U) preparation was precipitated with ethanol.
Sodium dodecyl sulfate-polyacrylamide gel analysis. The protein covalently linked to poliovirus RNA species was prepared as described elsewhere (Ambros and Baltimore, submitted for publication). Briefly, labeled RNA was digested to mononucleotides with a mixture of RNases Ti, T2, and A, followed by phenol extraction. The protein was then precipitated from the phenol phase with 9 volumes of acetone at -20°C. Bovine serum albumin (10lg) and cytochrome c (about 5, g) were included as carriers throughout the procedure. The precipitated protein was collected by centrifugation, dried in vacuo, taken up in sample buffer, boiled for 2 min, and analyzed on a 10 to 20% gradient slab polyacrylamide gel (9) . The gels were fixed, stained, destained, and dried, and an autoradiograph was prepared at -70°C by using Kodak XR-5 films and an intensifying screen. This procedure regularly resulted in a rather broad VPg band, probably due to some acetone-precipitable residue in the phenol. The radioactive bands were cut out from the gel, and the radioactivity was quantitated either by counting Cerenkov radiation or in a toluene-based scintillation fluid (Econofluor; New England Nuclear Corp.). In each experiment, the efficiency of recovery of VPg was monitored by measuring the recovery of VPg from a known amount of virion RNA. When the unequal labeling of the different mononucleotides is considered, the theoretical yield of radioactivity in protein-pUp is 0.042% of the total (7). Usually 0.015 to 0.022% was observed, giving a recovery of VPg of 25 to 50%.
Base composition analysis. RNA to be analyzed was completely digested with RNases Ti, T2, and A. In some cases the digest was extracted with phenolchloroform-isoamyl alcohol (25:24:1; Ambros and Baltimore, submitted for publication), and the mononucleotides were precipitated from the aqueous phase with 9 volumes of acetone at -20°C. The samples were then subjected to ionophoresis at pH 3.5 on Whatman 3MM paper (4). The radioactive spots were visualized by autoradiography, using Kodak XR-5 or No-Screen films. The spots were cut out from the paper and quantitated either by counting Cerenkov radiation or in Econofluor with a Beckman LS-330 scintillator.
RESULTS
Isolation and fractionation of nascent chains from RI RNA. Poliovirus RI RNA labeled with 32P was extracted from the cytoplasm of infected HeLa cells at 3.5 h after infection, a time at which the maximum rate of viral RNA synthesis occurs (3). Labeled RNA was precipitated with 2 M LiCl, phenol extracted, and chromatographed on Sepharose 2B (Fig. 1A) ; as previously determined, the material eluting in the excluded volume consists of more than 95% pure RI RNA (1) . The (6, 14) . The first dimension was in 10% acrylamide containing 6 M urea (pH 3.5), and the second dimension was in 32% acrylamide (pH 8.0). The long oligonucleotides derived from full-sized virion RNA were numbered by the method of Lee and Wimmer (11) . The fingerprint analysis of virion RNA was done in a separate experiment. The relative positions of some spots are therefore somewhat different from those in pools 2, 8, and 11. Upper x, bromophenol blue; lower x, xylene cyanol. then analyzed by polyacrylamide gel electrophoresis. Two samples of 32P-labeled virion 35S RNA treated similarly were used as controls for the recovery of VPg-pUp (Fig. 4) . From each pool, a protein migrating with the same mobility as VPg was recovered. No other species of radioactively labeled protein was detected except in the marker lanes derived from virions; the virion contaminants do not purify with 35S RNA. The variable radioactivity that did not enter the gel (Fig. 4) To study whether any other kind of 5' end, such as pUp, ppUp, or pppUp, was present on the nascent chains, RNA from each pool was again digested to 3'-monophosphates by RNases Ti, T2, and A and subjected to ionophoresis at pH 3.5 on Whatman 3MM paper. Apart from some material (<3%) left at the origin and some Pi, no material other than the four standard 3'-monophosphates could be detected.
Demonstration of a protein covalently linked to poly(U) from RI RNA and doublestranded RNA. The negative strands of poliovirus RI RNA and double-stranded RNA contain a long stretch of poly(U) (17) (18) (19) (18) . To study the structure of the 5' end of the poly(U) from either source, RI and doublestranded RNAs were extracted from infected cells at 3.5 and 6 h after infection, respectively, and purified by column chromatography on Sepharose 2B (as in Fig. 1A) (Fig. 6 ). The recovery of the radioactivity in the protein band was in both cases 1.3 to 1.5% of the total radioactivity in the poly(U) preparation (Table 2 ). In one experiment the acetone-precipitated material from the phenol phase was analyzed on a Bio-Gel A-1.5 column. A peak of radioactivity containing 1.3% of the total radioactivity in poly(U) eluted one fraction behind the cytochrome c marker (Fig.  7) , at the same position as VPg (Ambros and Baltimore, submitted for publication). The ma- (Fig. 2) was digested with RNases Tl, T2, and A and phenol extracted. The protein from the phenol phase was precipitated with acetone and analyzed by electrophoresis through a 10 to 20%o gradient slab gel in sodium dodecyl sulfate (9) . Two samples of virion RNA were used as controls (left and right lanes, marked V). RNase, which yielded VPg, free U (85%), C, and G. Some radioactivity containing exclusively A residues was left at the origin. We (11) , and the deletion in this RNA is known to be close to the 5' end (5) .
The ratio of the relative molar yield of VPg to that of nascent chains was close to 1:1 for chain lengths between 7,500 and 2,500 nucleotides. Thereafter (pools 8 to 15 [ Fig. 1B and 14, showing that neither the oligonucleotides presumably mapping close to the 3' end nor the poly(A) tract, the sequence closest to the 3' end, disappeared completely. That the apparent discrepancy between the yield of VPg relative to the short RNA molecules is an artifact rather than real is further supported by the fact that no other 5'-terminal structure could be detected in any size class of RNA. Our data are therefore consistent with the idea that all nascent plus strands have a molecule of VPg covalently attached at their 5' end.
Poliovirus mRNA isolated from polyribosomes lacks VPg, but its 5'-nucleotide sequence is identical to that of virion RNA (13) . The recovery of VPg from nascent RNA molecules implies, as suggested previously (13) , that VPg must be cleaved from a fraction of newly made RNA strands to give rise to the 5'-pUp found on polyribosomal RNA. Because no pUp could be demonstrated on the nascent chains, cleavage apparently does not take place while the RNA is still associated with the RI RNA.
Minus strands. The yield of radioactivity attached to VPg from the poly(U) tract of the negative strands of either RI or double-stranded RNAs was 1.3 to 1.5% of the total radioactivity in the poly(U) tract. We did not further characterize the structure of the nucleotide(s) attached to the protein. Nomoto et al. (12) have recently reported the isolation of a protein from the poly(U) of poliovirus RI RNA and doublestranded RNA after a treatment with RNases Ti, T2, and A similar to the one that we have used here and showed that pUp could be released from the protein after digestion with venom phosphodiesterase. This indicates that the linkage between the protein and the poly(U) may be the same as that to the virion RNA. If the protein is covalently linked to pUp, the yield of protein-pUp would give an average length of about 120 to 140 nucleotides for the poly(U). This is in good agreement with our previous size estimates from polyacrylamide gels (17) . Nomoto et al. (12) reported a yield of protein-pUp about 2.5 times higher than ours, giving an average length of only 30 to 50 nucleotides for the poly(U). VPg was covalently linked to the poly(U) sequences, because it could only be removed enzymatically. The Gp residue recovered from the RNase Tl-resistant poly(U) must be located at the 3' end. Therefore, VPg must be linked to the 5' end because no other 5' end structure was recovered in molar yield. We could, however, consistently detect trace amounts (maximum 0.2%) of radioactivity in material migrating as pUp. Whether this actually was derived from the 5' end of intact poly(U) molecules or from the 5' end of degraded molecules is not known. If it is derived from true 5' termini, it could mean that VPg may be cleaved from some minus strands, possibly by the same mechanism as it is cleaved from newly made plus strands.
Function of VPg. The presence of VPg on the nascent chains of the RI RNA and the absence of pUp on any other 5' end structure are consistent with the hypothesis that VPg is linked to the RNA at an early stage of RNA synthesis, possibly as a primer (7, 13) . The finding of VPg on the negative-strand RNA as well suggests that the mechanism by which this RNA is synthesized may be similar to that of plus-strand RNA.
